Introduction
Lymphatic vessels critically contribute to tissue fluid homeostasis and immunity in health and disease. 1 Lymphatic drainage is of eminent clinical relevance, as it facilitates movement of immune or cancer cells throughout the body. Lymphangiogenesis, the growth of new lymphatic vessels, is intensively studied, and there is considerable interest in elucidating the factors that cause it. 1 Various growth factors (GFs) cause both angio-and lymphangiogenesis, albeit some preferentially bind to receptors on lymphatic and others on blood vessel endothelium. 2 Except for certain circumstances, selective lymphangiogenesis does not occur in vivo. [3] [4] [5] [6] This has led to the assumption that angiogenic vascular guidance is a prerequisite for lymphangiogenesis, albeit the details of how angiogenesis might regulate lymphangiogenesis are not understood. Furthermore, it is unknown whether blood and lymphatic vessels interact with or influence each other under pathological conditions. 7 Vascular endothelial growth factor-C (VEGF-C) and VEGF-D are the only known ligands for VEGF receptor-3 (VEGFR-3) and do not bind to VEGFR-1. 8, 9 Proteolytically processed VEGF-C binds to and activates VEGFR-2, while the unprocessed precursor form of VEGF-C signals through VEGFR-3. 10 Both VEGF-C and VEGF-D primarily affect development of lymphatic vasculature through VEGFR-3 activation, but they also participate in angiogenesis through VEGFR-2. 11 For instance, a soluble VEGFR-2 form that is secreted by corneal epithelial cells selectively suppresses the physiologic growth of lymphatics; however, it does not address the interdependency of lymph-and angiogenesis. 5 VEGF-C expression is higher in blood vessel endothelium than in lymphatic endothelium; conversely, VEGFR-3 expression is higher in lymphatic endothelium. 2, 12 In comparison, VEGFR-2 expression is similar in both endothelial cell types. 2 However, the differential contribution of VEGF-C/VEGFR-2 interaction to lymph-and angiogenesis is not understood.
VEGF-A is up-regulated in various physiological and pathological conditions, causing endothelial permeability, 13 lymph-, [14] [15] [16] and angiogenesis. 17 VEGF-A induces proliferation and migration of the lymphatic endothelium through the VEGFR-2. 12, 16, 18 However, whether different doses of VEGF-A preferentially cause lymph-or angiogenesis is unknown.
Lymphangiogenesis and angiogenesis occur in concert. 19 However, the molecular mechanisms underlying their temporal and spatial interdependencies are not understood. This work addresses the molecular links between these 2 related processes. indicated days after the implantation, digital images of the corneal vessels were obtained and recorded using OpenLab software Version 2.2.5 (Improvision Inc) with standardized illumination and contrast.
Site-specific patterns of GF-induced angio-and lymphangiogenesis
Using the corneal pocket assay, 20 a GF-containing pellet was implanted into corneal stroma at 12 o'clock. The GF diffuses into the corneal stroma, and its concentration presumably decreases with the distance from the pellet, creating a concentration gradient at the various sites in the cornea. 3 Thus, the GF concentration is considered lower in the sides (at 3 and 9 o'clock), compared with the front, and lowest in the back site of the cornea (at 6 o'clock).
Quantification of angiogenesis and lymphangiogenesis in whole-mount immunofluorescence
The eyes were enucleated and fixed with 4% paraformaldehyde for 30 minutes at 4°C. For whole-mount preparation, the corneas were microsurgically exposed by removing other portions of the eye. Tissues were washed with phosphate-buffered saline (PBS) 3ϫ for 5 minutes and then placed in methanol for 20 minutes. Tissues were incubated overnight at 4°C with ␣-mouse CD31 monoclonal antibody (mAb; 5 g/mL, 550274; BD Pharmingen), ␣-mouse LYVE-1 Ab (4 g/mL, 103-PA50AG; RELIATech GmbH), and ␣-mouse VEGFR-2 Ab (20 g/mL, AF644; R&D Systems) diluted in PBS containing 10% goat serum and 1% Triton X-100. Tissues were washed 4 times for 20 minutes in PBS followed by incubation with Alexa Fluor488 goat ␣-rat immunoglobulin (Ig)G (20 g/mL, 52955A; Invitrogen) and Alexa Fluor647 goat ␣-rabbit IgG (20 g/mL, A21244; Invitrogen) overnight at 4°C. Radial cuts were then made in the peripheral retina and cornea to allow flat mounting on a glass slide using a mounting medium (TA-030-FM, Mountant Permafluor; Lab Vision Corporation). The flat-mounted tissues were examined by fluorescence microscopy and recorded using OpenLab software Version 2.2.5 (Improvision Inc) with standardized illumination and contrast and were saved onto disks.
Immunohistochemistry
The eyes were harvested and snap-frozen in optimal cutting temperature compound (Sakura Finetechnical). Sections (10 m) were prepared, airdried, and fixed in ice-cold acetone for 10 minutes. The sections were blocked with 3% nonfat dried Milk bovine working solution (M7409; Sigma-Aldrich) and stained with ␣-mouse CD45 mAb (1:50, 550539; BD Pharmingen), ␣-mouse F4/80 mAb (1:100, MCA497R; Serotec), ␣-mouse CD31 mAb (1:50, 550274; BD Pharmingen), ␣-VEGF-C Ab (1:200, sc-7132; Santa Cruz Biotechnology), and ␣-mouse LYVE-1 Ab (1 g/mL, 103-PA50AG; RELIAtech GmbH). After an overnight incubation, sections were washed and stained for 20 minutes with goat ␣-rat IgG CY5 conjugate (10 g/mL, 81-9516; Zymed Labo), Alexa Fluor488 donkey ␣-goat IgG (10 g/mL, A-11 055; Invitrogen), and Alexa Fluor647 goat ␣-rabbit IgG (20 g/mL, A21244; Invitrogen).
Cell culture
Human umbilical vein endothelial cells (HUVECs; PromoCell; C-12 200 or Cambrex) were routinely cultured in endothelial cell growth medium-2 KIT (PromoCell; C-22111) supplemented with 2% fetal bovine serum (FBS) in a humidified incubator under 5% CO 2 at 37°C.
ELISA of VEGF-C and shed VEGFR-2 in HUVECs
HUVECS were starved for 12 hours and then stimulated with 20 ng/mL VEGF-A for 24 hours at 37°C. The supernatant was removed and the cells rinsed with ice-cold PBS. Subsequently, the cells were lysed using a mammalian cell lysis kit (MCL1; Sigma-Aldrich). VEGF-C concentration was measured using an enzymed-linked immunosorbent assay (ELISA) kit (BMS626; Bender MedSystems).
Real-time PCR
After starvation for 12 hours in 1% FBS medium, HUVECs were stimulated with 20 ng/mL VEGF-A for 24 hours at 37°C. Total RNA was extracted from HUVECs by Trizol Reagent (15 596-026; Invitrogen). RNA samples (2 g) were transcribed to cDNA with the Reverse Transcription reagents (N808-0234; Applied Biosystems). Real-time polymerase chain reaction (PCR; using 100 ng cDNA) was performed using Step One Plus Real-Time PCR System and hVEGFR-2-specific TaqMan Gene Expression Assays for individual mRNAs (Hs00176676_m1) according to the manufacturer's protocol (Applied Biosystems).
Flow cytometry
After starvation for 12 hours in 1% FBS medium, HUVECs were stimulated with 20 ng/mL VEGF-A (497-MV; R&D Systems) for 24 hours at 37°C. HUVECs were harvested with 0.05% trypsin and washed with PBS. The cells were resuspended in PBS at a concentration of 10 7 cells/mL. Subsequently, the cell suspension was incubated with ␣-human VEGFR-2 mAbs (25 g/mL, MAB3572; R&D Systems) for 15 minutes at room temperature. Cells were then washed twice with PBS and analyzed in a flow cytometer. As a control, a nonimmune mAb was used at the same concentration.
Western blotting
At day 6 after VEGF-A (400 ng) implantation into 4 corneas or after 24 hours incubation of VEGF-A (20 ng/mL), HUVECs were harvested in a mammalian cell lysis kit (MCL1; Sigma-Aldrich). Lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon membranes (Millipore). Blots were incubated with ␣-mouse VEGFR-2 (0.2 g/mL, AF644; R&D Systems), ␣-VEGF-C (1:200, sc-25 783; Santa Cruz Biotechnology), or ␣-␤-tubulin (1:1000, ab11308; Abcam) and visualized with a secondary Ab coupled to horseradish peroxidase (Amersham) and enhanced chemiluminescence system.
Confocal laser scanning microscopy
After HUVECs were washed with PBS, cells were fixed with 4% formaldehyde in PBS and permeabilized in PBS containing 0.1% saponin. After washing with PBS, cells were blocked with 5% skim milk in PBS. Cells were incubated with VEGF-C Ab (1:50, sc-25 783; Santa Cruz Biotechnology), phospho VEGFR-2 Ab (1:100, sc-16 628; Santa Cruz Biotechnology) overnight at 4°C. Subsequently, Alexa Fluor 488-conjugated and 555-conjugated second Ab (1:200) was used for 1 hour at room temperature. Fluorescence images were observed on a Zeiss LSM 510 META confocal laser scanning microscope (Carl Zeiss). Threedimensional data were analyzed by LSM 510 software.
Proliferation assay
HUVECs were suspended in complete medium and plated at 4 ϫ 10 3 cells/well in 96-well plates and incubated at 37°C for 48 hours. Soluble tetrazolium salt (MTS) assay was performed according to the manufacturer's protocol (G5421, Promega). Briefly, 30 L of MTS reagent was added to each well (100 L of medium) and incubated at 37°C for 2 hours. The absorbance was then measured at 490 nm.
In vivo molecular imaging and preparation of probes
Recently, we introduced a novel technique for detection of endothelial surface molecules in acute ocular inflammation. 21, 22 Using adhesion molecule-conjugated fluorescent microspheres (MSs) 23 in live animals, we showed early endothelial changes in ocular microvessels at an early stage, one that was previously only detectable by the most sensitive in vitro techniques, such as immunohistochemistry or PCR. 22 To prepare the imaging probes, carboxylated fluorescent or nonfluorescent MSs (2 m, Polysciences Inc) were covalently conjugated to protein G (Sigma-Aldrich), using a carbodiimide-coupling kit (Polysciences Inc). 24 ␣-mouse VEGFR-1 Ab (sc-9029; Santa Cruz Biotechnology), ␣-mouse VEGFR-2 Ab (AF644; R&D Systems), or control goat IgG (AB-108-C; R&D Systems) was incubated with the MSs at 0.4 mg/mL overnight at room temperature. MSs were washed in PBS with 1% bovine serum albumin before use in vivo. Then, 6 ϫ 10 7 fluorescent MSs were injected in each mouse. After systemic injection, the interactions of these MSs with the endothelium of normal and angiogenic vessels of live animals was studied by intravital video microscopy. 24
Statistical analysis
All values are expressed as mean plus or minus SEM. Data were analyzed by Student t test. Differences between the experimental groups were considered statistically significant or highly significant, when the probability value, P, was Ͻ .05 or Ͻ .01, respectively.
Results

VEGF-A-induced lymph-and angiogenesis
To investigate the lymph-and angiogenic potential of VEGF-A, we implanted hVEGF-A (200 ng) or mVEGF-A (200 ng) in corneas of mice. hVEGF-A (200 ng) and mVEGF-A (200 ng) induced significant angiogenesis on day 6 ( Figure 1A ). To examine whether VEGF-A induces lymphangiogenesis, we performed immunohistochemistry in corneal flat mounts with ␣-CD31 and ␣-LYVE-1 Abs. The lymphatic area in hVEGF-A as well as mVEGF-A-implanted corneas did not differ from PBS-implanted corneas ( Figure 1B-C) . In confirmation of our recent report, 4 pre-existing blind-ended lymphatic vessels were found above the limbal vascular loops in untreated corneas ( Figure 1B,D) . In contrast to the round tips of the pre-existing lymphatics, the newly growing lymphatics in both hVEGF-A-and mVEGF-A-implanted corneas showed pointy endings ( Figure 1D ). These data indicate that 200 ng VEGF-A induces lymphatic sprouting but does not increase the area of lymphatics.
Different dose thresholds for VEGF-A-induced lymph-and angiogenesis
To explore whether differences in dose thresholds underlie the differential lymphangiogenic responses at the various corneal sites, we implanted various VEGF-A doses (25, 100, 400, and 1600 ng) into the mouse corneas. Corneal angiogenesis occurred in 100, 400, and 1600 ng VEGF-A-implanted corneas, but not 25 ng, suggesting the dose threshold for corneal angiogenesis to be approximately 100 ng (Figure 2A-B ). The 100 ng VEGF-A induced significant angiogenesis but not lymphangiogenesis, while 400 and 1600 ng VEGF-A induced both lymph-and angiogenesis, suggesting the dose threshold for VEGF-A-induced corneal lymphangiogenesis to be higher than angiogenesis (Figure 2A-B ). Furthermore, 400 and 1600 ng but not 100 ng VEGF-A increased the number of lymphatic tips compared with control (Figure 2A ,C). In 400 ng or 1600 ng VEGF-A-implanted corneas, the portion of the lymphatic tips was similar to that of angiogenic tips ( Figure  2A ,D). These data indicate that the dose of VEGF-A, which causes lymphangiogenesis, is not sufficient to cause their growth beyond angiogenic vessels. Furthermore, there was no lymphangiogenesis without angiogenesis in the side and back of the VEGF-Aimplanted corneas at the various doses (Figure 2A ,E). These data indicate different thresholds for VEGF-A-induced lymph-and angiogenesis.
Differential temporal lymph-and angiogenic responses to VEGF-A
To examine the time course of VEGF-A-induced lymph-and angiogenesis, we implanted VEGF-A and followed vessel growth for 14 days. Dilation of the blood vessels was present on day 2, and sprouting on day 4 and between day 10 and 14 angiogenic vessels reached the site of cytokine implantation ( Figure 3A ). The area of VEGF-A-induced angiogenesis was significantly larger on day 4, 6, 10, and 14 but not day 2, compared with PBS ( Figure 3A,B) . VEGF-A-induced lymphangiogenic area on day 10 and 14 but not on day 4 and 6 were larger than PBS control ( Figure 3A-B) . Interestingly, lymphangiogenic area on day 2 was lower than PBS-implanted on day 6 ( Figure 3A-B ). The number of lymphatic tips was significantly increased on day 6, 10, and 14 after VEGF-A stimulation ( Figure 3C ). On day 14, well-branched lymphangiogenesis was observed in VEGF-A-implanted corneas ( Figure 3A) . Furthermore, the number of lymphatics in the side and back of the VEGF-A-implanted corneas on day 10 and 14 was significantly higher than control ( Figure 3A,D) . These data indicate that VEGF-A-induced angiogenesis peaks earlier than lymphangiogenesis. Furthermore, to show the relation between lymph-and angiogenesis by VEGF-A, the ratio of length of angiogenic vessels and lymphangiogenic vessels was examined. On days 4, 6, 10, and 14, the ratio was smaller than control, as the angiogenic vessels approached the leading edge of the pre-existing lymphatic vessels ( Figure 3E ). These data indicate that the pre-existing lymphatic vessels first start to grow, when the angiogenic vessels have passed them, albeit sprouting of the lymphatic endothelium does occur before then.
Contribution of VEGF-C and VEGFR-3 to VEGF-A-induced lymphangiogenesis
To investigate the mechanisms underlying delayed lymphangiogenesis relative to angiogenesis, we measured VEGF-C expression in VEGF-A-implanted corneas. Immunohistochemistry with an ␣-VEGF-C Ab showed that CD31(ϩ) vascular endothelial cells as For personal use only. on March 25, 2019. by guest www.bloodjournal.org From well as CD45(ϩ)/F4/80(ϩ) leukocytes expressed VEGF-C in VEGF-Aimplanted corneas ( Figure 4A ). These data indicate that the source of VEGF-C in VEGF-A-induced lymphangiogenesis is not only leukocytes, especially macrophages but also vascular endothelial cells. VEGFR-3 was expressed in VEGF-A-induced lymphatics ( Figure 4B ). VEGF-C was up-regulated in VEGF-A-implanted corneas compared with PBS-implanted controls ( Figure 4C) .
To understand the extent of VEGF-C's contribution to VEGF-Ainduced lymphangiogenesis, we treated VEGF-A-implanted corneas with soluble VEGFR-3 (sR3). VEGF-C inhibition significantly reduced the number of lymphatic tips and inhibited lymphatic sproutings in VEGF-A-implanted corneas compared with control ( Figure 4D-E) . These data indicate that VEGF-C contributes to lymphatic sprouting in VEGF-A-induced lymphangiogenesis.
VEGF-A-induced VEGF-C up-regulation in blood vessel endothelium guides lymphatic growth
In VEGF-A-implanted corneas, we made the surprising observation that not all lymphangiogenic tips oriented themselves toward the GF-containing pellets, as a significant portion of the tips sprouted in the opposite direction, toward the blood vessels (Figure For personal use only. on March 25, 2019. by guest www.bloodjournal.org From 5A-B). Notably, tips of the pre-existing lymphatics that were beyond the vascular plexus were round, whereas the shape of the lymphatics in the vicinity of the blood vessels were pointy ( Figure  5A ). To examine whether blood vesse-derived VEGF-C guides the lymphatic sprouts in VEGF-A over-expression, we examined lymphatic tip direction in VEGF-A-, VEGF-C-, and VEGF-A/ VEGF-C-double implanted corneas. VEGF-C co-implantation with VEGF-A significantly reduced the portion of the sprouting lymphatic tips that grew toward the angiogenic vessels, indicating that endothelial VEGF-C up-regulation by VEGF-A underlies lymphatic tip sprouting ( Figure 5C-D) .
This observation led to the hypothesis that vascular endotheliumderived VEGF-C may regulate VEGF-A-induced lymphangiogenic tip sprouting. To examine whether VEGF-A induces VEGF-C expression in endothelial cells, we measured in ELISA VEGF-C protein expression in VEGF-A-stimulated HUVECs. VEGF-C expression was significantly induced by VEGF-A in the whole cell lysates of HUVECs ( Figure 6A) . Surprisingly, VEGF-C level in the supernatant of VEGF-A-stimulated HUVECs was significantly lower than unstimulated HUVECs ( Figure 6B ). Reverse-transcription PCR showed a 1.7-fold increase in the VEGF-C mRNA level after VEGF-A stimulation. These data suggest that VEGF-Ainduced lymphangiogenesis is regulated through vascular endothelial derived VEGF-C.
Surprising impact of blood vessel endothelial VEGFR-2 on VEGF-A-induced lymphangiogenesis: an endogenous VEGF-C trapping mechanism regulates lymphangiogenesis
We hypothesized that VEGFR-2 on vascular endothelium may trap VEGF-A-induced VEGF-C and therewith cause delayed lymphangiogenesis in response to VEGF-A. To address this, we measured the expression level of VEGFR-2 in HUVECs with or without VEGF-A stimulation by FACS, Western blotting, and reverse-transcription PCR. VEGFR-2 was down-regulated on the surface of HUVECs ( Figure 6D ), whereas VEGFR-2 mRNA and protein levels of whole-cell lysates in VEGF-A-treated HUVECs were similar to control ( Figure 6C,E ), suggesting either removal or internalization of VEGFR-2 from the surface.
To investigate whether VEGF-A stimulation causes internalization of VEGF-C bound to VEGFR-2, we performed confocal microscopy of VEGFR-2 and VEGF-C upon VEGF-A treatment in HUVECs. At 12 and 24 hours after VEGF-A stimulation, more phosphorylated VEGFR-2 and VEGF-C complexes were found in VEGF-A-treated cells than in controls ( Figure 6F ). To examine, whether the VEGFR-2/VEGF-C complex is affected by VEGF-A stimulation, we performed immunoprecipitation with ␣-VEGF-C Ab and immunoblotted with ␣-VEGFR-2 Ab. Western blots showed that VEGF-C was up-regulated by VEGF-A ( Figure 6G ). The VEGFR-2/VEGF-C complex was detected in whole cell lysates of untreated and VEGF-A-treated HUVECs; however, the amount of the complex (75 kDa and 250 kDa) was unaffected by VEGF-A stimulation ( Figure 6H) . These data suggest that VEGF-A causes internalization of the phosphorylated VEGFR-2/VEGF-C complex and that degradation of the complex may follow after internalization.
To investigate whether sVEGFR-2 traps VEGF-C, we measured VEGFR-2 in the whole cell lysate and supernatant of HUVECs with a VEGFR-2 mAb that detects the extracellular domain. In line with a previous report, 25 sVEGFR-2 was detected in the supernatant of HUVECs; however, it was surprisingly reduced with VEGF-A treatment, in line with our internalization hypothesis ( Figure 6I ). We also confirmed that the ELISA detects free soluble VEGFR-2 and ligand-bound soluble VEGFR-2 equally because VEGF-A treatment did not change the detected concentration (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). These data indicate that total sVEGFR-2 is down-regulated by VEGF-A stimulation. Furthermore, there was no VEGFR-2/VEGF-C complex detectable in the supernatant. To investigate whether VEGF-C contributes to angiogenesis via blood endothelial cell proliferation, we treated HUVECs with VEGF-C with or without a VEGFR-2 neutralizing Ab and measured cell proliferation in the MTS assay. VEGF-C induced proliferation of the HUVECs, and the induction was inhibited by VEGFR-2 inhibition ( Figure 6J ). These data suggest that VEGF-C signaling through VEGFR-2 contributes to blood vessel growth.
In vivo molecular imaging reveals elevated VEGFR-2 expression
To investigate whether VEGFR-2 contributes to VEGF-A-induced corneal lymphangiogenesis, we quantified VEGFR-2 expression. Western blots showed higher VEGFR-2 expression in VEGF-Aimplanted corneas compared with PBS-implanted controls ( Figure  4C ). In vivo expression of the VEGFR-2 in blood vessel endothelium in response to VEGF-A stimulation was quantified using our molecular imaging technique with ␣-VEGFR Ab-conjugated MSs ( Figure 7A ). 21, 22, 24 The number of accumulated ␣-VEGFR-2 Abbut not ␣-VEGFR-1 Ab-conjugated MSs in the vasculature of VEGF-A-implanted corneas was significantly higher than in untreated controls ( Figure 7B -C and supplemental Videos 2,4). Notably, ␣-VEGFR-2 Ab-conjugated MSs were detected around the angiogenic tips, more than in the angiogenic stalks ( Figure  7B,D) . Control IgG-conjugated MSs showed low numbers of interactions with the vascular endothelium of normal or VEGF-A-implanted animals (supplemental Videos 1,3). Confocal microscopy showed that the MSs were indeed inside of the lumen of the angiogenic vessels ( Figure 7E ). Furthermore, immunostaining showed VEGFR-2 expression in angiogenic vessels in VEGF-Aimplanted corneas ( Figure 7F ).
Discussion
The poised temporal and spatial association of angio-and lymphangiogenesis suggests intricate interdependencies between blood and lymphatic vessels. In response to GFs, such as VEGF-A, lymphatics grow with a delay compared with blood vessels. Furthermore, higher concentrations of these GFs are needed for lymphangiogenesis than for angiogenesis. However, how these vessel types might influence each other was previously unknown.
Our results indicate that VEGF-C derived from blood vessel guides lymphatic sprouting and growth. The paradoxical orientation of lymphatic sprouting away from VEGF-A pellets toward the blood vessels shows the critical role of blood vessel-derived factors in lymphatic growth. Exogenous VEGF-C overrides this (G) Angiogenic endothelium expressed higher levels of VEGFR-2 that actively traps VEGF-C on the endothelial surface. Subsequently, the VEGFR-2/VEGF-C complex is internalized and therewith cleared from the extracellular matrix. (H) Mechanism of delayed lymphangiogenesis. Sprouting blood vessel endothelium expresses VEGFR-2 and VEGF-C. Lymphatic endothelium expresses VEGFR-2 and -3 but not VEGF-C. The endothelium of the angiogenic tip VEGF-C is trapped by VEGFR-2 and internalized. In a distance from the angiogenic tips and in absence of the active trapping mechanism, blood endothelial-derived VEGF-C reaches lymphatic endothelium, allowing their growth. phenomenon, underlining this critical role that initiates lymphatic guidance. SR3 effectively reduces VEGF-A-induced lymphangiogenesis, indicating the key role of VEGF-C (and potentially VEGF-D) in VEGF-A-induced lymphangiogenesis.
The unexpected finding of lower VEGF-C in the supernatant of VEGF-A-treated endothelial cells led us to propose a clearance mechanism for VEGF-C during angiogenesis. Receptor-mediated internalization is a fundamental biological principle that regulates key functions; 26 however, GF-clearance through this pathway, including vascular growth regulation, was unknown. VEGFR-2, a VEGF-C receptor, 8 is up-regulated on blood vessel endothelium in response to pro-angiogenic GFs. 27 VEGF-C binding to endothelial VEGFR-2 would not only have an autocrine effect but also a reduction of the VEGF-C concentration in the extracellular matrix. Thus, VEGFR-2 binding to VEGF-C would act as an endogenous trapping mechanism and suppress lymphatic growth ( Figure 7G ). In support of this model, in VEGF-A-stimulated HUVECs, the VEGF-C/VEGFR-2 complex is found in the cytoplasm, indicating internalization of the captured VEGF-C by VEGFR-2 ( Figure 7G ).
In the forefront of the angiogenic field, our in vivo molecular imaging reveals highest VEGFR-2 expression in the angiogenic tips, which would maximize the autocrine function of the GFs in the growing blood vessels. Especially in these areas, the lymphatic growth is most impeded. Analogously, VEGFR-3 is higher in tumor angiogenesis and during wound healing, 28, 29 where it could potentially regulate lymphangiogenesis.
Further puzzling is the lower concentration threshold for GF-induced angiogenesis, compared with lymphangiogenesis. Both blood vessel endothelium and lymphatic endothelium express VEGFR-2; however, lower VEGF-A concentrations only cause blood vessel growth. We show that VEGF-C-(or VEGF-D)mediated signaling is necessary for lymphatic growth, as sR3 suppresses VEGF-A-induced lymphangiogenesis. This suggests that, despite the direct interaction of VEGF-A with the lymphatic endothelium, its growth depends on the blood vessel-generated VEGF-C (or VEGF-D).
This work elucidates a previously unknown link that finely regulates lymphatic growth in spatial and temporal relation to angiogenic vessels. We show VEGF-C trapping by endothelial VEGFR-2 as an example for GFs clearance from the extracellular matrix through receptor-mediated internalization. Angiogenic vessels use this previously unknown mechanism to regulate their environment, such as the growth of lymphatics. An imbalance between the blood and lymphatic growth could impact tissue homeostasis, immunity, or cancer growth and spreading.
